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Edited by Hans-Dieter KlenkAbstract Open reading frame 67 of Bombyx mori nucleopoly-
hedrovirus (BmORF67) is a homologue of Autographa californi-
ca multiple NPV ORF81. The gene is conserved among all
baculoviruses and is thus considered a baculovirus core gene.
The transcript of BmORF67 was detected at 18–72 h post-infec-
tion (p.i.). Polyclonal antiserum raised to a His-BmORF67 fu-
sion protein recognized BmORF67 in infected cell lysates from
24 to 72 h p.i., suggesting that BmORF67 is a late gene.
BmORF67 was not detected either in budded viruses or occlu-
sion-derived virus. Immunoﬂuoresence analysis showed that the
protein located in the cytoplasm and interacted with host protein
actin A3. In conclusion, BmORF67 is a late protein localized in
the cytoplasm of infected cells that interacts with host protein.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Baculoviruses consist of a circular double-stranded DNA
molecule of about 80–180 kbp. They have been reported
worldwide from over 600 host species, mostly from insects of
the order Lepidoptera but also from the orders Diptera and
Hymenoptera [1].
Baculoviruses are currently subdivided into two genera, the
nucleopolyhedroviruses (NPVs) and the granuloviruses (GVs)
[2]. However, phylogenetic analyses based on gene and genome
sequences suggested at least a third genus comprising the dip-
teran-speciﬁc Culex nigripalpus (Cuni) NPV (CuniNPV) [3].
Phylogenetic studies also indicate that the lepidopteran-speciﬁc
NPVs can be further subdivided into two subgroups: groups I
and II [4]. The infection of baculoviruses is characterized by a bi-
phasic replication cycle during which two virion phenotypes are
produced: (i) the budded virus (BV), which initiates secondary
infections and spreads the infection throughout the host, and
(ii) the occlusion-derived virus (ODV). TheODVs released from
the diseased insects spread the infection in the host population
by initiating primary infection of midgut epithelial cells [5].
China has a history of over 5000 years in raising silkworms
(Bombyx mori L.). At present, over 30 million farmer house-*Corresponding author. Fax: +86 511 8791923.
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doi:10.1016/j.febslet.2007.11.059holds are involved in sericultural production in Chinas over
10 provinces. Silkworm viral diseases are major diseases caus-
ing great loss in sericulture, among which the nucleopolyhedo-
rosis caused by BmNPV infection is one of the most
disastrous. BmNPV is also second in popularity only to Autog-
rapha californica nucleopolyhedrovirus (AcMNPV) as a bacu-
lovirus expression system. A BmNPV-based baculovirus
expression system is a power tool for rapid and high-eﬃcient
expression of foreign genes, since the silkworm larvae, which
are easy to rear at low cost of production, can be used instead
of the cultured cell lines [6].
Since the ﬁrst baculovirus to be completely sequenced [7], 29
other baculovirus genomes have been reported so far. BmNPV
contains a covalently closed circular genome of 128 kbp, about
143 putative open reading frames based on the criterion that
the ORF be a single, contiguous, nonoverlapping coding re-
gion. Recently, a number of BmNPV genes have been charac-
terized, such as orf79 [8], orf8 [9], orf 68 [10]. But the functions
of many other genes still remain unknown, including orf67. Se-
quence analysis of BmNPV genome revealed that a homologue
of Bmorf67 which is one of the conserved or core genes among
baculoviruses [11]. In this paper, we described the transcrip-
tional analysis of Bmorf67 gene, demonstrated the expression
pattern of BmORF67 protein and characterized the structural
and subcellular localization.2. Materials and methods
2.1. Virus and cell lines
BmNPV (Zhenjiang strain) virus was propagated in BmN cells,
maintained at 27 C in TC-100 insect medium supplemented with
10% (v/v) fetal bovine serum (Gibco-BRL, Carlsbad). The titration
of virus and other routine manipulations were performed according
to the standard protocols.2.2. Computer-assisted sequence analysis
The protein sequence was analyzed using ExPASy server (www.exp-
asy.ch) for the prediction of motifs, domains, transmembrane regions
and signal peptides [12]. Homologues were explored by using BLASTP
searching tool in the updated GenBank/EMBL and SWISS-PROT dat-
abases [13,14]. The sequence alignment was carried out with ClustalW
(http://www.ebi.ac.uk/clustalw) and edited with Genedoc software
(Ver.2.04) (Free Software Foundation, Inc., MA, USA).2.3. Transcriptional analysis of BmORF67
For the transcriptional analysis, BmN cells were infected with
BmNPV at a m.o.i. of 10. Total RNAs from transfected cells were iso-
lated at mock, 0, 3, 6, 12, 18, 24, 48, 72 h post-infection with Trizolblished by Elsevier B.V. All rights reserved.
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tocol. RNA was dissolved in DEPC-treated water and quantiﬁed by
optical density measurement at 260 nm.
For cDNA synthesis and PCR experiment, the total RNA was ﬁrst
treated with DNase to eliminate any potential genomic DNA contam-
ination. Total RNA (2 lg) from each time point was transcribed by
AMV reverse transcriptase and an oligo(dT) primer (Takara, Dalian,
China) to synthesize the ﬁrst strand cDNA. PCR was then carried
out using orf67-speciﬁc primers of 5 0-ATGACGACGACGACG-3 0
and 5 0-TCATCTGTCATACTT-3 0.
2.4. Prokaryotic expression of BmORF67 and preparation of antibody
BmORF67 coding sequence was ampliﬁed with primers 5 0-CGG-
GATCCATGACGACGACGACG-3 0 (containing the BamHI site)
and 5 0-CCGCTCGAGTCATCTGTCATACTT-3 0 (containing the
XhoI site) from the BmNPV genomic DNA by PCR. The Bmorf67
was subcloned into the pET30a(+) expression vector (Novagen,
USA) in frame with the N-terminal 6·His tag. The recombinant plas-
mid, pET-BmORF67, was veriﬁed by PCR, restriction analysis and
DNA sequencing.
The recombinant plasmid was transformed into E. coli BL21 cells
and the fusion protein was expressed under induction conditions of
0.6 mM IPTG at 28 C for 10 h. The 6·His-tagged recombinant
BmORF67 protein was puriﬁed on a Ni2+-NTA column (Novagen)
and used to raise polyclonal antibodies in rabbits.
The antibody was prepared using standard techniques [15]. Puriﬁed
BmORF67 protein (about 2 mg) was injected subcutaneously to immu-
nize New Zealand white rabbits in complete Freunds adjuvant, fol-
lowed by two booster injections in incomplete Freunds adjuvant
within a gap of 2 weeks before exsanguinations. The polyclonal rabbit
antibody against BmORF67 was used for immunoassay.
2.5. Temporal expression of BmORF67 in infected BmN cells
For the time course analysis, BmN cells were infected with BmNPV
at a m.o.i. of 10. Cells were harvested at the designated times (mock, 0,
3, 6, 12, 18, 24, 72) and washed three times with 1· PBS. The protein
concentrations of the cell extracts were determined by Bradfords
method [16]. Cell lysates (20 lg) were analyzed by 10% SDS–PAGE
and subsequently subjected to Western blot assay.
Western blot was performed as described previously [17]. After
SDS–PAGE electrophoresis, proteins were transferred onto a PVDF
membrane in cold Towbin buﬀer (0.025 M Tris, 0.19 M Glycine,
20% methanol). The membranes were blocked in 3% skimmed milk
powder in PBST for 1 h followed by incubation with the anti-
BmORF67 polyclonal antiserum diluted 1:5000 for 1 h at room
temperature. Subsequently, the membrane was incubated with a
goat anti-rabbit IgG conjugated to HRP diluted 1:5000 for 1 h at
room temperature. The signal was detected with a DAB substrate
solution.
2.6. Puriﬁcation of BV and ODV
Polyhedra produced in the infected larvae of Bombyx mori were ana-
lyzed by electron microscopy and puriﬁed as described by Summers
and Smith [18]. The ODV was puriﬁed by ultracentrifugation on su-
crose gradient [19].
Hemolymph-derived BVs were puriﬁed from BmNPV-infected lar-
vae as described previously [20] with some modiﬁcations. Brieﬂy, 3
days post-infection (p.i.) hemolymph was collected and clariﬁed at
2000 · g for 10 min at 4 C. The supernatant was passed through a
0.45-lm-pore-size ﬁlter. BVs in the ﬁltrate were pelleted through a
25–56% (wt/wt) continuous sucrose cushion made up in 0.1· TE by
centrifugation at 100000 · g for 60 min at 4C and resuspended in
0.1· TE.
2.7. Sub-cellular localization analysis of BmORF67 proteins in infected
cells
Monolayers of BmN cells infected with BmNPV (m.o.i. of 10) at
36 h p.i. were washed with cold PBS, and ﬁxed with 2 ml of 4% para-
formaldehyde for 20 min. Cells were then washed three times with PBS
and permeabilized with 0.1% Triton X-100 in PBS for 15 min. After
washing four times with cold PBS, cells were incubated with
BmORF67 polyclonal antiserum (diluted with 3% BSA, 1:50) for 2 h
at 37 C. Cells were washed three times with PBS and then incubated
with the secondary antibody, FITC-conjugated goat anti-rabbit IgG(Sigma, USA), for 1 h at 37 C. Background staining was removed
by washing with PBS three times. The cells were examined under a Lei-
ca confocal laser scanning microscope for ﬂuorescence. The BmNPV-
infected cells reacted only with FITC-conjugated goat anti-rabbit IgG
as negative controls.
2.8. His pull-down and co-immunoprecipitation analysis
For the pull-down assay, BmN cells were lysed by RIPA buﬀer. The
His-BmORF67 fusion protein or the His protein was mixed with the
control or BmNPV infected BmN cells for 5 h at 4 C in PBS contain-
ing 0.5% NP-40.The mixture was incubated with agarose beads. The
beads were washed with wash buﬀer (50 mM NaH2PO4, 300 mM
NaCl, 20 mM imidazole, pH 8.0), and eluted with elution buﬀer
(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0). The
eluted proteins were separated on a 10% SDS–polyacrylamide gel
and stained with Commassie brilliant blue.
Co-immunoprecipitation experiments were used to study BmORF67
interaction with host cell proteins. 6·106 BmN cells were infected with
BmNPV (m.o.i. of 10). The cells were harvested via centrifuged and
washed with cold PBS. The cells were lysated by RIPA buﬀer
(50 mM Tris–HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF) containing
protease inhibitors (1 mM PMSF, 1 lg/ml aprotinin, 1 lg/ml leupep-
tin, 1 lg/ml pepstatin). After 1 h on ice, the lysates were centrifuged
for 10 min at 9000 · g. For immunoprecipitation, the cleared extracts
were incubated with anti-BmORF67 antibody for 1 h and then incu-
bated with 30 ll of protein A agarose (Santa Cruz. Biotechnology,
CA, USA) for 4 h at 4 C. The immunoprecipitates were washed three
times in RIPA buﬀer, resuspended in 30 ll of 2· SDS–PAGE loading
buﬀer, and the samples were heated for 5 min at 100 C, then the
supernatant was collected and electrophoresed on a 10% SDS poly-
acrylamide gel, and stained with silver stain. The anti-BmORF67 anti-
body incubated only with protein A agarose was used as negative
control.
2.9. In gel digestion and peptide analysis by MALDI-TOF
The proteins located in the band visualized in the silver stain staining
gel were digested with trypsin and analyzed by matrix-assisted laser
desorption ionization-time-of ﬂight mass spectrometry (MALDI-
TOF) (Bruker Daltonics, Germany), which generated the peptide se-
quence in addition to peptide mass information. Masses of tryptic pep-
tides obtained by MALDI-TOF were used as inputs to search
corresponding proteins against the database NCBInr, via the program
MASCOT.3. Results
The coding region of Bmorf67 is 705 bp in length, which
could encode a 234-aa peptide with a predicted molecular
weight of 27 kDa. A putative late transcription motif, ATA-
AG, was found at 57 nts upstream of the start codon, ATG,
suggesting that Bmorf67 might be a late transcriptional gene.
A T-rich sequence was found 7 nt downstream of the stop co-
don, which might function as the mRNA transcription termi-
nation and polyadenylation signal [21].
Searches of protein databases, GenBank and SWISS-PROT,
revealed that BmORF67 is conserved among baculoviruses
and is shared by all baculoviruses whose complete genomes
have been sequenced so far (Fig. 1). BmORF67 shared amino
acid sequence identities ranging from 92% with AcMNPV
ORF81 to 22% with CuniNPV ORF106 protein.
To identify any similarities to potential biologically signiﬁ-
cant domains or motifs from the existing protein families,
the deduced BmORF67 protein sequence was compared with
proteins in the PROSITE database. Four Protein kinase C
phosphorylation sites (aa 5–7, aa 16–18, aa 28–30 and aa
228–230), three cAMP- and cGMP-dependent protein kinase
phosphorylation sites (aa 17–20, aa 29–32, aa 169–172), two
Fig. 1. Amino acid sequence alignment of baculovirus BmORF67 homologues. The alignment was edited with GeneDoc software. Two shading
levels are set: black for 100% similarity groups and grey for 80% similarity groups. The sources of sequences are: BmNPV (GenBank, NC_001962),
AcMNPV (GenBank, NC_001623), RoMNPV (GenBank, NC_004323), CfMNPV (GenBank, NC_004778), OpMNPV (GenBank, NC_001875),
EppoNPV (GenBank, NC_003083), CfdefNPV (GenBank, NC_005137), CpGV (GenBank, NC_002816), CrleGV (GenBank, NC_005068), PhopGV
(GenBank, NC_004062), AdorGV (GenBank, NC_005038), PlxyGV (GenBank, NC_002593), XecnGV (GenBank, NC_002593), AgseGV
(GenBank, NC_005839), SpltNPV (GenBank, NC_003102), SeMNPV (GenBank, NC_002169), AgseNPV (GenBank, NC_ 007921), MacoNPV-A
(GenBank, NC_003529), MacoNPV-B (GenBank, NC_004117), HzSNPV (GenBank, NC_003349), HearNPV-G4 (GenBank, NC_002654),
HearNPV (GenBank, NC_003094), TnSNPV (GenBank, NC_007383), ChChNPV (GenBank, NC 007151), AdhoNPV (GenBank, NC_004690),
NeleNPV (GenBank, NC_005906) and NeseNPV (GenBank, NC_005905).
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one N-glycosylation sites (aa 44–47) were found in the
BmORF67 amino acid sequences. In addition, no other signif-icant signal peptide sequence, transmembrane region, nuclear
localization signal, or membrane retention signal was searched
by protein searching tool.
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To determine the time of Bmorf67 transcription, RT-PCR
analysis was performed using total RNA isolated from
BmNPV-infected host cells as template. A band with an ex-
pected size of 719 bp was ampliﬁed at 18 h p.i., which was re-
mained detectable up to 72 h p.i. (Fig. 2).
3.2. Expression of BmORF67 and immunodetection of
BmORF67 protein in infected cells
Expression of a 6·His-BmORF67 fusion in E. coli resulted
in the production of a 33-kDa protein. Western blot analysis
using anti-His antiserum conﬁrmed that the 33-kDa protein
was the fusion protein (data not shown). The puriﬁed fusion
protein was used to immunize rabbits to produce the speciﬁc
antiserum against BmORF67.
In order to study the expression of the BmORF67, a time
course of BmNPV-infected BmN cells were analyzed by Wes-
tern blot using anti-BmORF67antiserum. A speciﬁc immuno-
reactive band of approximately 27 kDa was ﬁrst observed at
24 h p.i. and remained detectable up to 72 h p.i. (Fig. 3). These
data are consistent with the analysis of transcripts and indicate
that BmORF67 was synthesized at a late stage of infection. No
immunoreactive band was detected in mock-infected control.
The 27 kDa immunoreactive band was in agreement with pre-
dicted molecular weight.Fig. 2. RT-PCR analysis of the Bmorf67 transcription in mock- and
BmNPV-infected BmN cells. Total RNA was isolated from mock- and
BmNPV-infected cells at 0, 3, 6, 12, 24, 48 and 72 h p.i. (shown at the
top) indicated above the lanes. Size of the transcript is indicated in bp
on the left side of the panel.
Fig. 3. Western blot analysis of the BmORF67 protein in BmN cells.
The cells were collected at mock, 0, 3, 6, 12, 18, 24, 48, 72 h p.i., and
processed for Western blot using anti-BmORF67 antiserum followed
by incubated with a goat antirabbit IgG conjugated to HRP. The
signal was detected with DAB substrate. Molecular mass standards are
shown on the right.
Fig. 4. Localization of BmORF67 protein in BmNPV BVs, ODVs and
BmN cells. BV, ODV, cell lysates samples were separated by SDS–
PAGE and analyzed by Western blotting. Lane 1, total proteins of
infected cells; lane 2, puriﬁed BV; lane 3, puriﬁed ODV.3.3. Localization of the BmORF67 protein in cell, BV and ODV
To investigate whether the BmORF67 protein was a struc-
tural protein, Western blot analysis of puriﬁed BVs, ODVs
and BmNPV-infected BmN cells were carried out for immuno-
detection (Fig. 4). A clear band was detected in the sample of
BmNPV-infected cells. In contrast, no band was observed in
the BV and ODV samples, indicating that the product of
BmORF67 was a non-structurally functional protein.
3.4. Cellular distribution of BmORF67 in BmN cells
The intracellular localization of BmORF67 was determined
by immunoﬂuorescence using anti-BmORF67 antiserum and
cells infected with BmNPV. Since BmORF67 protein was ﬁrst
detected at 24 h p.i., we chose time points of 24, 48 and 72 h
p.i. for observation. The results revealed that the BmORF67
localized primarily in the cytoplasm and was not detectable
in the nucleus (Fig. 5). As control experiment, no obvious ﬂuo-
rescence signal was observed in infected cells reacted with
FITC-conjugated goat anti-rabbit IgG (data not shown).
3.5. Proteins associated with BmORF67
To identify BmORF67 associated factors, His pull-down
experiments were carried out with the recombinant His-
BmORF67 protein. One protein present both in mock-infected
and infected cells, with molecular weight of 42.7, was found
to associate with His-BmORF67 (Fig. 6). To conﬁrm the result
of pull-down experiments, co-immunoprecipitation was per-
formed using anti-BmORF67. Western blot analysis with
anti-BmORF67 showed that the 27 kDa protein was
BmORF67 (data not shown). The other band was detected
to be the protein that bound to BmORF67 (Fig. 7). The Mas-
cot search was performed with carbamidomethyl as the ﬁxed
Fig. 6. His-BmORF67 fusion protein pull-down assay. The potential
protein interacting with Ha128 was indicated with arrow. M, protein
molecular weight marker; 1, eluted proteins from incubation of the
His-BmORF67 protein with the lysate of BmN cells; 2, eluted proteins
from incubation of the His-BmORF67 fusion protein incubated with
the lysate of BmN cells infected with BmNPV; 3, eluted proteins from
the His-BmORF67 protein without incubation with a host cell lysate
(negative control).
Fig. 5. Subcellular localization of BmORF67 in infected cells. BmNPV infected BmN cells were treated with anti-BmORF67 antibody, followed by
treatment with FITC-conjugated goat anti-rabbit IgG, and examined in confocal microscope. From the left to the right: bright ﬁeld, green
ﬂuorescence for BmORF67 and the merged images.
Fig. 7. Co-immunoprecipitation to detect the interaction of
BmORF67 with cell proteins. 1, negative control; 2, co-precipitation
from the BmN cells. Immunoprecipitated protein is indicated with
arrows.
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These two proteins were conﬁrmed to be actin A3 (Accession
number: CAA28192) by a Mascot score of 100, with 7 peptides
matched and 29% amino acid coverage (Fig. 8). The results
indicated that BmORF67 interacted with actin in Bomby mori.4. Discussion
Among 29 fully sequenced genomes of baculoviruses in Gen-
bank to date, all of them have a gene homologous to orf67 ofBmNPV. These include all type I and type II nucleopolyhedro-
viruses (NPV) and granuloviruses (GV). The phylogeny of
BmORF67-like proteins (data not shown) represents that of
baculovirus quite well [11], implicating the importance of the
protein. Homology analysis indicated that BmORF67 has
58–92% and 50–57% identities with groups I and II NPVs
BmORF67-like proteins, respectively. The very low identity
(22%) of CuniNPV ORF106 with BmORF67 indicated that
CuniNPV, which was isolated from a Diptera host, is distantly
related to those isolated from the Lepidoptera.
To elucidate BmORF67 function, we analyzed the tran-
scription and translation of BmORF67 in BmNPV-infected
BmN cells. Transcriptional analysis of RT-PCR showed
that Bmorf67 transcription started at 18 h p.i. and remained
detectable up to 72 h p.i., suggesting that Bmorf67 is a late
gene whose transcription might be initiated in the baculovi-
rus consensus late start site motif ATAAG. Western blot
analysis further conﬁrmed that Bmorf67 is a late gene
Fig. 8. Identiﬁcation of actin by MALDI-TOF analysis. (A) Peptide sequences identiﬁed by mass spectrometry. (B) Amino acid sequences of
Bombyx mori actin A3. Matched peptide sequences are shown as bold characters.
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serum. Western blots showed that the translational product
of BmORF67 was 27 kDa which corresponds with the size
deduced from the sequence of Bmorf67. These results
showed that no major post-translational modiﬁcations oc-
curred in the BmORF67 protein, despite the presence of
several potential post-modiﬁcation motifs in BmORF67
amino acid sequence.
The BmORF67 protein was not detected in the BV and
ODV but was detected in the cell lysates, suggesting that the
product of BmORF67 is a non-structurally functional protein.
Fluorescent confocal laser scanning microscope examination
further conﬁrmed that BmORF67 product was localized in
the cytoplasm from 24 to 72 h p.i. Motif analyses did not re-
veal any signal peptide sequence, transmembrane region, nu-
clear localization signal, or membrane retention signal,
consistent with subcellular localization of BmORF67 in the
cytoplasm of infected cells. The similar protein location was
found in other baculovirus proteins, such as Ha128 [22]. Dif-
ferent from PP31, Bmorf67 seemed to be excluded from the
virogenic stroma which is believed as the site of viral DNA
replication [23].
Actin, an important protein expressed in all eukaryotic cells,
composed of the microﬁlament (F-actin) systems of cell cyto-
skeleton, takes part in many vital activities. Baculovirus infec-
tion cycle is regulated by a succession of early and late genes
[24,25]. The late phase referred to viral assembly, budding,
and maturation of progeny virions [5]. All these important
processes depend on or accompanied by the host F-actin cyto-
skeleton. Previous studies indicated that virus could utilize ac-
tin microﬁlaments of the host for transport to the plasma
membrane of infected cells [26,27]. The vaccinia virus was
found to move along microtubles and recruit actin tails to sup-
port membrane protrusion, and thus facilitate cell to cell
spread [28,29]. The electron microscopy studies indicate that
budding of the mouse mammary tumor virus occurs via sur-
face protrusions containing actin ﬁlaments [30]. In the presence
of the inhibitor of actin, normal AcMNPV was not observed
to bud from the plasma membrane [31]. Recently, it has been
found that IQGAP1 and cortactin, actin-binding proteins, play
pivotal roles in virus assembly [32,33]. It has been suggested
that the IQGAPs link the virus to the cytoskeleton for traﬃck-
ing both into and out of the cell [34].
In this study, we found that BmORF67 was located in the
cytoplasm and interacted with actin in the late stage of infec-
tion. Whether BmORF67 possess the ability to regulate the ac-
tin cytoskeleton or virus assembly like IQGAP1 or cortactin is
yet to be determined. The further experiments shall be de-
signed and conducted to elucidate them.Acknowledgements: This work was supported by National Basic Re-
search Program of China (No. 2005CB121000), and National Natural
Science Foundation of China (No. 30370773).References
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